Objective: Abnormalities of glucose metabolism are common findings of acromegaly. However, robust evidence on whether therapy with somatostatin analogs (SSAs) or pegvisomant (PEG) differently affects glucose metabolism is lacking. The purpose of this study was to evaluate the effects of therapy with SSAs, PEG, or their combination on glucose metabolism in a large series of acromegalic patients. Design: This was a historical-prospective study. Among 50 consecutive acromegalic patients under SSA therapy, acromegaly in 19 patients was controlled. PEG used in combination with SSA therapy allowed the control of acromegaly in the remaining 31 patients and was then continued as monotherapy in 18 patients. Methods: The following parameters were evaluated at the diagnosis of acromegaly and during different treatments: fasting plasma glucose (FPG) and insulin concentrations, insulin sensitivity (QUICK-I), homeostasis model assessment of insulin resistance (HOMA2-IR), and plasma glucose and insulin concentrations during the oral glucose tolerance test (OGTT). Comparison was made using analysis for paired data. Results: Insulin resistance improved when acromegaly was controlled with therapy with SSAs, PEG, or SSACPEG. However, FPG concentrations were higher during SSA therapy (alone or combined with PEG) than at the diagnosis of acromegaly, even when corrected for disease activity, whereas they were reduced during PEG therapy. Mean glucose concentrations during the OGTT were higher in patients receiving SSA therapy than in those receiving PEG therapy. In addition, the prevalence of diabetes or impaired glucose tolerance was higher during SSA therapy than at diagnosis or during PEG therapy and was not influenced by disease control. Conclusions: Medical therapies for acromegaly reduce insulin resistance and increase insulin sensitivity; on the contrary, glucose indexes may be differently affected by SSA or PEG therapy.
Introduction
Acromegaly is characterized by an unconstrained secretion of GH and IGF1, which have opposite effects on glucose metabolism (1) . Impaired glucose tolerance (IGT) and overt type 2 diabetes mellitus (DM) are frequent findings in acromegalic patients, with a prevalence of the latter ranging from 19 to 56% (2, 3, 4, 5) .
The mechanisms that underlie the abnormalities of glucose metabolism in acromegaly are not completely understood. However, GH reduces glucose uptake and oxidation in the muscle, increases hepatic gluconeogenesis, and directly induces a condition of insulin resistance through the activation of intracellular lipolysis and lipid oxidation (1, 2, 6, 7) .
Although transsphenoidal pituitary adenomectomy remains the first-line treatment for most patients with acromegaly, medical therapies with long-acting somatostatin analogs (SSAs) or the GH-receptor antagonist (pegvisomant, PEG) have become increasingly relevant, either for the treatment of residual disease after neurosurgery (3) or as primary therapy in those patients in whom pituitary surgery is not feasible or contraindicated (8) .
The impact of SSA therapy on glucose homeostasis in acromegaly is complex and, somehow, unpredictable due to the concomitant inhibition of the secretion of insulin and GH, which have opposite effects on glucose metabolism (9, 10, 11, 12, 13) . A recent meta-analysis revealed that SSA therapy did not significantly change the levels of fasting glucose and HbA1c, whereas it reduced fasting insulin concentrations (14) . However, results of single studies included in that meta-analysis are divergent, suggesting that SSA therapy may have a more profound impact on glucose metabolism in a subset of patients (14) .
PEG therapy has been reported to lower fasting blood glucose levels (15, 16, 17, 18, 19, 20) and to improve glucose tolerance in acromegalic patients (16, 17, 18, 19) . However, the effect of PEG therapy on insulin sensitivity remains unclear since only a few studies, enrolling a limited number of subjects, have reported an improvement of glucose tolerance, likely due to a decrease in peripheral insulin resistance (18, 19, 20, 21) .
The purpose of this historical-prospective study was to evaluate, in a cohort of acromegalic patients, whether therapy with SSAs, SSAs combined with PEG (SSACPEG), or PEG alone differently affects insulin or glucose metabolism.
Subjects and methods

Subjects
Data were collected from clinical records of 62 consecutive acromegalic patients referred to our Department from December 2006 to December 2010, treated with SSAs, and eligible for the study. Eligible patients were those with the first diagnosis of acromegaly or those with persistent disease after pituitary adenomectomy.
Patients with DM (nZ5) or IGT (nZ25) treated with diet therapy and not taking insulin or oral hypoglycemic agents were included in the study. Twelve patients, either receiving therapies for DM or with abnormal hepatic or renal function, were excluded. Hence, 50 of the 62 patients with active acromegaly were included in this study. Thirty-one subjects were those with the first diagnosis of acromegaly, whereas 19 patients had persistent disease after pituitary adenomectomy.
Clinical and biochemical findings of the patients are summarized in Table 1 . Diagnosis of active acromegaly was established on the basis of clinical and biochemical criteria as reported previously (22) . Acromegaly was defined controlled when the IGF1 index (the ratio of the observed serum IGF1 concentration to the upper normal limit for the age) was %1 during therapy with SSAs, PEG, or a combination of the two drugs as reported previously (23) .
As shown in Tables 1 and 2 , ten patients had at least one pituitary hormone deficit that was appropriately corrected with hormone replacement therapy before the baseline evaluation of glucose metabolism was performed. In particular, eight patients received L-T 4 therapy, three patients received hydrocortisone therapy, five male patients received testosterone therapy, and two women received estrogen-progestin therapy.
Study design
This was a historical-prospective study, approved by the Internal Review Board of our Department. The design of the study is shown in Fig. 1 . Although the study was retrospective in nature, all patients were followed on the basis of a standardized protocol, adopted by our Department for several years, meaning that data were prospectively collected.
Clinical and biochemical evaluation of the acromegalic patients was performed every 6 months and therapy for acromegaly was modified as appropriate during each visit.
It is our practice to evaluate glucose metabolism at the diagnosis of acromegaly and during the follow-up period, as detailed below.
SSA therapy is usually proposed as a first-line medical therapy and dose is titrated every 6 months up to 30 mg octreotide LAR or up to 120 mg lanreotide Autogel every 28 days. If acromegaly in the patient is still uncontrolled under a maximal SSA dose, PEG is added at the starting dose of 10 mg/day, and dosage is adjusted until biochemical control of acromegaly is achieved (SSACPEG), usually within 3-6 months. It is our practice to stop SSA therapy and to continue PEG therapy alone when control of acromegaly is achieved.
For the purpose of the study, the following groups of patients were considered ( Fig. 1) : patients with active acromegaly not treated with SSAs or PEG (nZ50); patients with uncontrolled acromegaly treated with a maximal dose of SSAs for at least 6 months (nZ31); patients with controlled acromegaly under SSA therapy (nZ19); patients with controlled acromegaly under SSACPEG therapy (nZ31); and patients with controlled acromegaly under PEG therapy (nZ18). When the present study was completed, 13 patients were still under the combined therapy.
A similar number of patients received octreotide LAR therapy (nZ26) and lanreotide Autogel therapy (nZ24). After the baseline evaluation, glucose metabolism was assessed, on average, 12 months after starting SSA therapy and at least 6 months after any change in the therapeutic regimen.
Evaluation of fasting glucose metabolism
Glucose metabolism was assessed by measuring fasting plasma glucose (FPG), fasting serum insulin, and HbA1c concentrations. In addition, glucose and insulin concentrations were evaluated during a standard 2-h oral glucose tolerance test (OGTT, 75 g glucose), with glucose and insulin samples being obtained every 30 min. Subjects with an increased risk for diabetes (IGT, impaired fasting glucose (IFG), and HbA1c comprised between 5.7 and 6.4%) or diagnosed as having DM were identified according to the recommendations of the American Diabetes Association (24) .
Basal insulin resistance was evaluated using the homeostasis model assessment of insulin resistance (HOMA2-IR) index, which correlates with estimates obtained by the use of the euglycemic clamp (25, 26) . IGF1 index, the ratio of the measured IGF1 value to the upper limit for age; AUC glu , area under the OGTT curve for glucose; AUC ins , area under the OGTT curve for insulin; AUC ins /AUC glu , the ratio between the two AUC; NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; DM, diabetes mellitus.
b-Cell function was assessed using the homeostasis model of deficient b-cell function (HOMA-b), which has been validated with the clamp-derived measures of b-cell function and with the estimate from the intravenous glucose tolerance test (25) .
HOMA2-IR and HOMA-b were calculated using the computer HOMA-2 calculator version 2.2 (http://www. dtu.ox.ac.uk/homacalculator/index.php).
A simplified version of the disposition index (DI) was calculated as the ratio of HOMA-b to HOMA2-IR, as described previously (27) .
Insulin sensitivity was expressed by the QUICK index (QUICK-I), calculated as described previously (28), and by the Insulin sensitivity index (ISI, or Matsuda Index), a composite index derived from the OGTT results (29) .
OGTT area under the curve
The areas under the curve of glucose (AUC glu ) and insulin (AUC ins ) during the 2-h OGTT were calculated according to the 'trapezoidal approach' as described by Tai (30) . The AUC ins/glu ratio, which is an indicator of insulin secretion, was also calculated (31) .
In order to evaluate early insulin secretion, in response to glucose load, we utilized the insulinogenic index, calculated as follows: (Ins30KIns0)/(glu30KGlu0) (32) .
Assays
Serum GH concentrations were measured using a chemiluminescence immunoassay (Liaison hGH, Diasorin, SpA, Saluggia, Italy), calibrated against the IS 98/574. The sensitivity of this GH assay was 0.05 mg/l; the intra-and inter-assay coefficients of variation were 4.1 and 7.3% respectively. Normal values for GH concentrations in our laboratory range from 0.05 to 5 mg/l. Serum IGF1 concentrations were measured using an automated RIA (DIAsource ImmunoAssays S.A., Nivelles, Belgium), which included ethanol/acid extraction. Normal values in our laboratory, derived from a previous study performed in over 800 healthy subjects, are as follows: 151-504 mg/l, 20-29 years; 120-383 mg/l, 30-39 years; 101-314 mg/l, 40-49 years; 88-269 mg/l, 50-59 years; 78-237 mg/l, 60-69 years; and 70-212 mg/l, 70-79 years (33) . To compare IGF1 values in the different groups of age, we adopted the IGF1 index (the ratio of the IGF1 value measured the upper limit of the normal range for age) as reported previously (23) .
Serum insulin concentrations were measured using an IRMA (DIAsource ImmunoAssays S.A.). The sensitivity of the assay was 1.0 mIU/ml; the intraand inter-assay coefficients of variation were 2.1 and 6.5% for low insulin concentrations (6-14 mIU/ml) and 1.5 and 6.1% for higher insulin concentrations (53-200 mIU/ml).
Plasma glucose and HbA1c concentrations were analyzed using standard commercial assays. In our laboratory, normal values for FPG concentrations range from 74 to 100 mg/dl, whereas HbA1c% values !5.7% are considered normal.
Pituitary magnetic resonance imaging was performed at the diagnosis of acromegaly and annually thereafter.
Statistical analysis
Quantitative data are expressed as meanGS.E.M. and qualitative data as percentage. The difference between patients with controlled and uncontrolled disease under SSA therapy regarding basal values was evaluated by Figure 1 Study design. Clinical records of 62 consecutive patients on somatostatin analog (SSA) therapy were analyzed. Twelve patients were not eligible for the study (see Materials and methods). The remaining 50 patients on SSA therapy were stratified by acromegaly control. Those with uncontrolled disease (SSA un-contr ) received pegvisomant (PEG) in addition to SSA therapy (SSACPEG). After achievement of disease control, SSA therapy was withdrawn and PEG therapy was continued in a subset of patients (PEG). Thirteen patients were still under the combined therapy when the present study was performed. This subset of patients was not investigated further. Number refers to the number of patients.
ANOVA. Quantitative paired data were analyzed by ANOVA for repeated measures to evaluate differences between basal and somatostatin therapy and between different therapeutic groups. The comparison between patients with controlled and uncontrolled disease under SSA therapy for the difference between basal values and values observed under therapy was made by ANOVA. Likewise, the following comparisons, SSA controlled vs SSACPEG, SSA controlled vs PEG, and SSACPEG vs PEG, for the difference between basal values and values observed under therapy were made by ANOVA. The difference in the proportion of abnormalities of glucose metabolism between baseline and during therapy was evaluated by the exact McNemar test.
A two-sided P value !0.05 was considered to be statistically significant. Statistical analysis was performed using the SPSS 13.0 (SPSS, Inc.) software and StatXact 4 (Cytel Co., Cambridge, MA, USA).
Results
Demographic and general considerations
The evaluation of glucose metabolism encompassed the study period from December 2006 to December 2010; changes in various parameters during different therapies for acromegaly were evaluated using paired data analysis, reflecting changes in the same patient. Changes in glucose and insulin metabolism parameters were expressed as delta (D) values, taking into account the baseline values of each therapy ( (Tables 5 and 6 ).
In agreement with FPG data, SSA therapy, either alone or combined with PEG, was associated with a small, but significant, increase in HbA1c levels with respect to baseline; on the contrary, HbA1c levels were reduced, albeit slightly, after the discontinuation of SSA therapy (DPEGKSSACPEGZK0.37G0.07; PZ0.0004).
As expected, fasting insulin levels were reduced during the medical therapy for acromegaly, mainly when disease control was achieved (Tables 4 and 5 ). In patients with uncontrolled disease under SSA therapy, inclusion of PEG was associated with a further reduction in fasting insulin levels (PZ0.0253), which did not differ from those observed in patients with controlled acromegaly either under SSA therapy or under PEG therapy (Table 6 ).
HOMA2-IR was reduced mainly when disease control was achieved either with SSA therapy (Table 4) or with PEG therapy (Table 5) . HOMA-b, suggesting a b-cell hyperactivation in active acromegaly, was reduced when disease was controlled, without a significant difference among the different therapies (SSA, SSAC PEG, or PEG alone) ( Table 6) .
QUICK-I, evaluating insulin sensitivity, was reduced in patients with active acromegaly. Disease control with therapy with SSAs, SSACPEG, or PEG was associated with a small, but significant, increase in the QUICK-I (Tables 4 and 5 ), without differences among the treatment groups (Table 6) . DI, a qualitative measurement that describes the relationship between b-cell function and insulin sensitivity, decreased during SSA therapy, particularly in patients with uncontrolled disease (Table 4 , DSSA contr Kbasal vs DSSA un-contr Kbasal; P!0.05). The DI increased when acromegaly was controlled by inclusion of PEG into SSA therapy in patients with uncontrolled disease (Table 5) ; however, therapy with Delta (D), the variation between the parameter observed in the second group and that observed in the first group; IGF1 index, the ratio of the measured IGF1 value to the upper limit for age; AUC glu , area under the OGTT curve for glucose; AUC ins , area under the OGTT curve for insulin; AUC ins /AUC glu , the ratio between the two AUC. P between the groups refers to comparison between D values of the patients with controlled and uncontrolled disease under SSA therapy. Delta (D), the variation between the parameter observed in the second group and that observed in the first group; IGF1 index, the ratio of the measured IGF1 value to the upper limit for age; AUC glu , area under the OGTT curve for glucose; AUC ins , area under the OGTT curve for insulin; AUC ins /AUC glu , the ratio between the two AUC.
PEG alone was associated with higher values of the DI than therapy with SSACPEG or SSAs alone (Table 6 , PZ0.0008 and PZ0.0035 respectively).
Effects of medical therapies on glucose metabolism evaluated during the OGTT Therapy with SSAs was associated with an increase in glucose levels during the OGTT at baseline (time 0 min) and after 120 min as well as during all the measured time points (AUC glu ), without differences among the patients with controlled or uncontrolled disease ( Table 4 ). The inclusion of PEG into SSA therapy in subjects with uncontrolled disease was associated with an improvement in glucose parameters, which, however, reached statistical significance only when SSA therapy was withdrawn and PEG therapy alone was continued (Table 5 and Fig. 2A ). Patients treated with SSAs or SSACPEG, at variance with those receiving PEG therapy alone, had a low insulin response during the early phase of the OGTT, as suggested by the different shapes of the insulin curve (Fig. 2B ) and the insulinogenic index (Tables 4 and 5 ).
Prevalence of abnormalities of glucose metabolism during different therapies for acromegaly
The prevalence of glucose abnormalities differed during medical therapies for acromegaly (Table 7) . Overall, DM was more frequent during SSA therapy than at baseline or during PEG therapy (Table 7) ; on the contrary, the proportion of normal glucose tolerance was higher, albeit not significant, in patients receiving PEG therapy than in those receiving SSA therapy (Table 7) .
Discussion
The results of this study show that medical therapies for acromegaly differently affect glucose homeostasis. Overall, treatment with PEG seems to be associated with an improved glycometabolic profile with respect to the diagnosis of acromegaly or to the therapy with SSAs. On the contrary, in our series, SSA therapy was associated with detrimental effects on glucose homeostasis both in patients with uncontrolled disease and in patients with controlled disease.
Our results extend data from previous studies (11, 15, 16, 17, 18, 19, 20, 21) , suggesting that PEG may have beneficial effects on glucose metabolism besides disease control.
The high prevalence of insulin resistance and glucose metabolism abnormalities has been considered a risk factor for the increased morbidity and mortality observed in patients with acromegaly (2, 3, 14) . In fact, GH increases glucose production through various mechanisms, including stimulation of lypolysis and inhibition of insulin-mediated suppression of hepatic gluconeogenesis (1, 6) . These abnormalities are Table 6 Comparison of different therapies on glucose metabolism in patients with controlled acromegaly. Values are expressed as MeanGS.E.M. Delta (D), the variation between the parameter observed during therapy and that observed at baseline; IGF1 index, the ratio of the measured IGF1 value to the upper limit for age; AUC glu , area under the OGTT curve for glucose; AUC ins , area under the OGTT curve for insulin; AUC ins /AUC glu , the ratio between the two AUC.
responsible for the GH-dependent increase in insulin resistance and for the decrease in insulin sensitivity (19) . SSA therapy is effective for treating acromegaly, allowing the control of GH hypersecretion and limiting the impact of systemic complications of the disease in a subset of patients (34) . Several studies have investigated the effects of therapy with SSAs on glucose metabolism of acromegalic patients, raising concerns about the potential negative effects on b-cell function (5, 9, 10, 11, 12, 13, 14) . In fact, although a recent metaanalysis has indicated that, overall, SSA therapy has no detrimental glycometabolic effects, the results of single studies are rather divergent, suggesting that, at least in a subset of patients, SSA therapy may negatively affect glucose metabolism (14) .
The effects of the administration of PEG on glucose metabolism are not completely understood, although some studies have suggested a beneficial effect on glucose tolerance and insulin sensitivity (11, 15, 16, 17, 18, 19, 20, 21, 35, 36) . In particular, previous pilot studies (one performed in normal volunteers and the other in small cohorts of patients) have reported that PEG therapy may either have a neutral effect or have a positive effect on glucose homeostasis (11, 18, 19, 20) and insulin sensitivity (11, 18, 19, 21) . A multicenter study, performed in a larger cohort of acromegalic subjects, has confirmed that a change from SSA therapy to PEG therapy can improve glucose homeostasis regardless of the control of acromegaly (16) . Other studies have evaluated the impact of the inclusion of PEG in a small group of acromegalic patients treated with SSAs, demonstrating only minor effects on glucose homeostasis and insulin sensitivity (17, 35, 36) .
In the present study, independently of the type of medical therapy, biochemical control of acromegaly was associated with an improved insulin resistance, reduced serum insulin levels, and a reduction of compensatory increase in b-cell function compared with the untreated disease.
However, our data suggest that SSA and PEG therapies have different effects on glucose metabolism. In fact, improvement of insulin homeostasis (i.e. a more pronounced increase in insulin sensitivity and a concomitant reduction in insulin resistance) was higher in patients with controlled acromegaly with PEG than in those with controlled disease with SSAs in comparison with the baseline values. This observation confirmed previous studies, performed in subjects in whom a change from SSA therapy to PEG therapy was made, suggesting that the two drugs had different effects on insulin homeostasis (11, 16, 18) .
In addition, we observed that the DI, a parameter linking b-cell function and insulin sensitivity, was higher in acromegalic patients with controlled disease during PEG therapy than in those controlled with SSAs, suggesting that PEG was associated with a better profile of the insulin-dependent components of glucose tolerance. Epidemiological studies suggest that a reduced DI may be a risk factor for the development of diabetes, in addition to family history, age, sex, ethnicity, and obesity (37) . However, whether changes in the DI associated with SSA or PEG therapy affect the incidence of DM in acromegalic patients remains to be addressed. Our data are in agreement with previous reports, showing that SSA therapy may influence glucose metabolism in acromegaly both indirectly, by reducing GH and IGF1 levels, and directly, by reducing insulin secretion (5, 9, 10) . On the contrary, PEG therapy might indirectly improve insulin sensitivity and reduce insulin resistance through a selective removal of the inhibitory effect of GH on insulin action (16, 18) . This is in agreement with data obtained in knockout animals for the GH receptor. In fact, these animals, which can be considered a model that is similar to subjects treated with PEG, are characterized by an increase in insulin sensitivity and seem to be more resistant to the streptozotocin-induced development of glucose intolerance (38) .
In addition, in our study, SSA therapy was associated with a small, but significant, increase in FPG and HbA1c levels, whereas during PEG therapy, FPG and HbA1c concentrations were reduced.
On clinical grounds, the prevalence of glucose tolerance abnormalities (IGT, IFG, or overt DM) in subjects with controlled acromegaly during SSA therapy was higher than that in those controlled with PEG, whereas the opposite occurred for the prevalence of normal glucose tolerance.
The present study has some limitations; the first of which is its retrospective nature and the fact that time elapsed during each treatment period differed; however, it is worth noting that all patients shared the same diagnostic protocol, which included the same evaluation of glucose metabolism, performed on a prospective basis, thus limiting the different evaluation periods. An additional limitation of the study is that the indirect indexes used to evaluate insulin homeostasis (insulin sensitivity and resistance as well as b-cell activation) have been validated for the general population and so might not adequately fit for acromegalic patients, in whom several parameters may influence glycemic control (e.g. adrenergic tone and cortisol and incretin levels) in addition to GH and IGF1 levels. However, because of the retrospective nature of the study, a direct measurement of insulin resistance, performed by the euglycemic clamp method, was not available in our population.
In conclusion, medical therapies for acromegaly with SSAs or PEG differently affect glucose metabolism. The control of acromegaly activity with each medical therapy is associated with an improvement in insulin homeostasis. However, SSA therapy seems to be associated with small but significant detrimental effects on glucose indexes, which on the contrary seem to be ameliorated during PEG therapy.
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